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A modelexperiment wasdesignedandbuilt to simulatethe propagation
of sonic booms through atmospheric turbulence. The setup of the model
experiment is describedbriefly. Measurementsof the N wavesafter they
propagated acrossthe turbulent velocity field reveal the same waveform
distortion and changein rise time as for sonicbooms.

The data from the modelexperiment is usedto test sonicboom models.
Some models yield predictions for the waveform distortion, while others
give estimatesof the rise time of the sonic booms.

A new theoretical model for the propagationof plane N wavesthrough
a turbulcnt medium is described.

Introduction.

- model experiment: - successful in simulating the propagation of sonic

booms through atmospheric turbulence

- setup and results

- model experiment data is used to test sonic boom models

- waveform distortion models

- rise time prediction models

- new theoretical model for the propagation of plane N waves through
a turbulent medium
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In the model experiment the N wavesaregeneratedby a spark source.
The spark-producedN waveis a spherically spreadingwave,but it is also
possibleto createa locally planeN waveby inserting a paraboloidal reflec-
tor. The mirror is positioned so that the spark gap is at the focus of the
paraboloidal reflector.

A plane jet generatesthe turbulent velocity field. A centrifugal fan
blows air into a plenum chamber. The jet is formed when the air exits
the chamberthrough the nozzle. The jet nozzlevelocity is controlled by a
Variac variable voltage controller and by adjusting the width Of the nozzle.
The plane jet characteristicsaremeasuredby hot-wire anemometry.

The N wavesare measuredby a wide band condensormicrophone. Rise
times as small as0.45#s can be measured.

Model experiment setup
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Examples of waveform distortion are shown. The upper left signature

is that of a reference plane N wave recorded in the absence of turbulence.

All other signatures represent waveforms measured after the plane N waves

propagated through the turbulent velocity field. The distortion of the wave-

forms is similar as observed for sonic boom signatures. The distortion of

the wavefront is most pronounced near the front and tail shocks. The fact

that the distortion of the tail shock has the same pattern as that of the

front shock is an indication that the turbulence is frozen during passage of

the N wave. Variations in waveform from peaked to rounded and U-shaped

are apparent. Double-peaked and multiple-peaked waveforms and messy

wave shapes are also represented.

Waveform examples
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The first sonic boom model we review is Crow's waveform distortion

model (Ref. 1). Crow's model is based on first order scattering theory. He

modeled the sonic boom as a step shock of strength Ap. The mean-squared

pressure perturbation equals (p2s) = Ap 2 (to�t) 7/_, where tc is a critical time

that is a function of the turbulence characteristics. The graph presents an

example of the variance of an N wave for a value of tc = 2 ms. A finite,

very large value is obtained for the mean-squared pressure perturbation

near the shock. Since the theory is a first-order scattering theory, both the

incident and the scattered wave propagate at the ambient speed of sound

Co. However, from geometric acoustics we know that some ray paths might

exist along which the actual propagation speed is faster than the ambient

speed of sound. If we want to compare Crow's prediction with experimental

data, then we have to shift the time origin of each sample waveform so that

it begins at the time of shock arrival.

Testing of previous models

1. Crow's distortion model

- step shock :(¢2 (t)) = (tc/t) 7/6 ¢(t) = pS/Ap,

tc -- -- (see 0) 1 1.33 Co-2hS/6e_/3dh
Co

- Result of rms scattered pressure (tc = 2 ms)

E

............ !...... ! ...... :.... :....... :.....

....1......-''_ '::_":.......i"_

2-50 _ 5'0 160 i_o 2_0 z_0 3o0
Time (ms)

- Problems: < ¢2(0) > -_ 108

- incident wave of form f(x + co t)

- shock arrival time?

- comparison with experiment?
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Plotkin (Ref. 2) showedthat an incident waveof arbitrary structure can
be represented as a sum of infinitesimal step shocks. When the incident
wave is modeledas a ramp shock instead of a step shock, an upper bound
for the maximum pressureperturbation can bc found, which is given by

(p_),12 ,2 (U) TI,2= TAp to , where to is the rise time of the ramp shock.

Lipkens (Ref. 3) extended this model for an N wave. The rms pressure

perturbation is presented in the first graph for an N wave with a rise time

of 1 #s and a critical time of 0.33 #s. In order to calculate the rms pres-

sure perturbation for the measured waveforms of the model experiment, we

shifted the time origin of each waveform so that the times corresponding

to 50 % of peak pressure all coincide.

A comparison between the measured distortion and Crow's prediction is

presented in the lower graph. The measured distortion has the same general

behavior as Crow's prediction, but the maximum pressure perturbation

according to Crow's prediction is larger than the measured one by a factor
of more than ten.

- Plotkin (1971): extension of Crow',, model for a ramp shock

- incident wave of arbitrary structure: sum of infinitesimal steps

- upper bound for rms pressure perturbation

= TA( )12,

- extension to N wave
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It is now widely acceptedthat molecular relaxation, especially that of
nitrogen, is responsiblefor the large rise time of sonicbooms. Controversy
still exists whether turbulence hasa pronouncedeffecton rise time. When
a theory for the propagation of shockwavesand transients through a tur-
bulent medium is developed, it is important to incorporate the effect of
shockarrival time correctly. The rise time of the stochasticmean of a set
of waveformsrepresentsan insignificant upper bound to the averageof the
rise times of eachindividual waveform. The graph showsa simple example
that demonstratesthat the rise time of the stochastic mean waveform of
five step shocks,each having a rise time of 1 #s, is more than tenfold the
averageof the rise time of the individual realizations.

Rise time prediction models

- Turbulence cause of large rise time? What mechanism?

- Question of shock arrival time
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Pierce's model (Ref. 4) isbasedon the mechanismof wavefrontfolding at
a caustic. If at a certain instant turbulence causesa ripple to developon the
shockfront, a caustic is formedwhen the wavefrontis propagatedaccording
to geometricacoustics. Inside the caustic three segmentsof the shockfront
arrive instead of one. Pierce argued that this processcould occur many
times if the turbulence intensity is large. A receiver then "sees" many
segmentsof a multifolded wavefront at slighly different arrival times. The
result is that insteadof a sharp shockfront a shockis receivedthat consists
of many smaller shocksat different arrival times. The overall result is a
rounded shock front. The lowergraph showsthe meanwaveformcalculated
according to Picrce's theory. Again, tc is Crow's critical time.

1. Pierce (1971): Wavefront folding at a caustic
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The meanwaveformis expressedasa function of Crow's critical time to.

The parameters E and bl are dependent on the structure of thc atmospheric
turbulence.

Again, the individual waveforms of the model experiment are shifted

in order that times corresponding to 50 % of peak pressure coincide. The

plot compares Pierce's prediction for the mean waveform and the computed

mean of the shifted individual waveforms. A good agreement is reached.

In order to confirm this correlation, we performed an experiment at five

different jet nozzle velocities. The comparison between Pierce's prediction

and the measurements is fairly accurate. A maximum discrepancy of about

30 % is observed for a nozzle velocity of 31.3 m/s.

- mean waveform

<p(t)> }-_-_po = exp = t/tc
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jet nozzle chaxact.

velocity time vp,e,_ Vm_.

(m/_) (_s) (_s) (_)
12.4 0.23 0.554 0.685

18.3 0.32 0.769 0.745

22.7 0.37 0.889 0.922

26.6 0.41 0.984 1.061

31.3 0.46 1.091 1.308
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Kulkarny and White (Ref. 5) and White (Ref. 6) developeda model
for the plane wavepropagation through a 2-D and 3-D, random, isotropic
medium. The model is basedon geometric acoustics. The results shown

here are for a 3-D, random medium. White derived a uniform probability

density function p(t) for the occurence of a first caustic. The parameter t is

a nondimensional variable. The only information needed about the random

medium is its correlation function. Once this information is known, the

scaling variable 7 is calculated. The graph shows the probability density

curve. It is observed that the most likely position for the occurence of a

first caustic is at t = 1.3. In the table, values for the most likely position

of a first caustic and the mean distance to a first caustic are shown. As is

noticed, it is possible that an N wave will pass through a caustic. However,

it is unlikely that the wave will pass through more than one caustic.

White end Kulkarny: plane wave propagation through a 3-D,

isotropic, random medium (geometric acoustics)

- probability density function p(t) for the occurence of a first caustic
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Plotkin and George (Ref. 7) developed a model based on second order

scattering theory. They derived a Burgers equation in which the absorption

term is a function of the turbulence characteristics. L0 is the integral

length scale, a measure of the eddies of permanent character, and eT =

((Ac+Aull)2)/_isaneffectiveturbulenceMachnumber. The rise time

is determined by the balance between nonlinear steepening and scattering

by turbulence. An expression for the rise time is obtained. Plotkin (Ref. 2)

compared results from their model with measurements and obtained a good

correlation. It is, however, difficult to obtain accurate estimates of the

integral length scale and the turbulence Mach number of the atmosphere.

A controversy still exists as to whether travel time variations are accounted

for correctly or not.

2. Plotkin and George (1972): Second order perturbation theory
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- Problem: travel time variations accounted for?
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In order to compare Plotkin's prediction with measurements, we com-

puted the mean waveform in two different ways. First, we computed the

mean waveform by shifting the time origins in a similar way as described

before and we call this the time shifted mean. Second, we calculated the

stochastic mean waveform without any correction for the arrival time of

each individual waveform and we call this the stochastic mean. The graph

shows an example of the difference for the two computed mean waveforms.

As is seen, the stochastic mean presents an insignificant upper bound to

the rise time of the time shifted mean.

Again we compare results for five different nozzle velocities. It is no-

ticed that Plotkin and George's prediction has a better correlation with the

stochastic mean than with the time shifted mean. A conclusion that seems

apparent from the results is that travel time variations of individual waves

are not accounted for correctly in Plotkin and George's model.

167 po z\_AUlj2)L0
T-- (t =

"Y+ 1Am 4

6O0

200

[o
'_ 200

-600

• - - _n'iv_ time correction

!+_+ /_ no arrival time corr¢ctim

_0

ib 20 3o 40 sb
Time (las)

jet nozzle charact,

velocity time Vplotldn

(ml_) (_) (_)
12.4 0.23 1.13

18.3 . 0.32 2.49
22.7 0.37 3.78

26.6 0.41 5.34

31.3 0.46 7.37

stoch, mean

Traeu.

(_,_)
2.767
3.867

4.840

4.833
5.528

time shifted

Tm_.

(_,_)
0.685

0.745

0.922

1.061

1.308

120



The last model is that of Ffowcs Williams and Howe (Ref. 8) (FfW &

H). In their paper FfW & H mention that the Burgers equation derived

by Plotkin and George represents the stochastic mean. FfW & H warn

about possible misinterpretation of the results of the Burgers equation as

an energy loss, while in reality it describes the loss of coherence of the

mean wave because of the random convection of the shock fronts. The

model by FfW & H is based on a multiple scattering theory. A diffusion

equation is obtained that describes the acoustic energy £ in wavenumber

space as a function of the turbulence Mach number m and a length scale A

related to the Taylor microscale. An expression for the shock thickness 5 is

derived as a function of the incident shock thickness 5o and the integrated

scattering diffusivity p. FfW & H found at most an increase of 30 % in

the rise time and concluded in their paper that molecular relaxation must

be the cause of the large rise times of booms. Plotkin (Ref. 9) argued that

since his model does not yield an acoustic energy loss but just a spatial

relocation, one would not expect a change in rise time according to the

definition employed by FfW & H.

3. Ffowcs Williams and Howe (1973): Multiple scattering

- Plotkin's approach describes stochastic mean properties of boom

- Multiple scattering theory: diffusion equation for distribution of

acoustic energy in wavenumber space

__ 0t;(k) com2k 20$(k) + Co - V_$(k)
Ot Oxll 2A

fO _

1 _ rc _E(_)d_
A 2u 2

5 = 50 [1 + #(x)]

,(x) = 2riox

- At most a 30 % increase in rise time

- Molecular relaxation is responsible for large rise time

- Problem: phase scrambling is not accounted for
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The upper graph presentsa comparisonof the energy spectrum of an

ideal N wave, its rise time and duration equal that of the spark-produced N

wave, with the averaged spectrum of 200 N waves recorded in the absence

of turbulence. The energy spectrum of the spark-produced N waves closely

resembles that of an ideal N wave. The troughs and peaks of the measured

spectrum are more rounded than that of the ideal N wave.

The middle graph shows a comparison of the averaged energy spectrum
of 200 N waves recorded in the absence of turbulence with that of 200 N

waves measured after propagation through the plane jet turbulence. Again,

both spectra are very similar, and troughs and peaks are more rounded for

the N waves that propagated through the turbulent medium. However, no

significant redistribution of acoustic energy is observed in the spectrum, as

was predicted by Ffowcs Williams and Howe.

The table presents a comparison between the prediction of Ffowcs Williams

and Howe and the measured values for the rise time. Ffowcs Williams and

Howe's model clearly yields values for the rise time that axe much smaller

than the measured ones.
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velocity p TF-H _m_.
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12.4 0.0027 0.687 0.685

18.3 0.0047 0.688 0,745

22.7 0.0067 0.690 0.922

26.6 0.0090 0.691 1.061
31.3 0.0116 0.693 1.308
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A new model has been developed for plane wave propagation through a

statistically random, isotropic medium (Ref. 3). The random medium con-

sists of a turbulent velocity field. A linear acoustic wave equation (Ref. 2)

is derived in which first and second order turbulence effects are included. A

perturbation scheme is used to solve the wave equation up to second order.

The turbulent velocity field model was developed by Karweit et al.

(Ref. 10). Von K_m£n's model for incompressible, isotropic turbulence

is used to obtain an expression for the 3-D turbulence energy density spec-

trum. The spectrum is characterized by two length scales. L0 is an outer

length scale, and 77is the Kolmogorov microscale.

The 1-D energy spectrum of the plane jet was measured by hot-wire

anemometry. If we assume the turbulence is isotropic, the 3-D energy

spectrum can be derived. A good agreement is reached between the model

and the measurement.

New numerical model for plane wave propagation through
a statistically random, iaotroplc medium

- Turbulent velocity field model

- Linear acoustic wave equation, second order turb. effects

- Perturbation solution

- Results

1. Turbulent velocity field model (Blanc-Benon, Comte-Bellot, 1991)

-Von K_.rm_n's model for incompressible, isotropic turbulence

E(k) = 55 F(5/6) u'2 k'
9 vf_F(1/3) Lo2,a (k 2 + Lo,)17/6 e×p (-2.25(r/k)4/3)
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The turbulent velocity field consistsof a sumof discrete Fourier velocity

modes that are randomly oriented in space. The wave vector geometry of a

single Fourier velocity mode is shown in the first graph. The angles _ and

¢ determine the orientation of the wavevector k. The probability density

function of both angles are chosen in order to ensure statistical entropy

with respect to k. With each turbulence wave vector, a velocity vector

a (k) is associated. Because the turbulent velocity field is incompressible,

the velocity vcctor lics in a plane perpendicular to k. The random angle ¢

determines the direction of a (k). The amplitude of a (k) is defined by von

K£rm£n's spcctrum. A random phase angle -y is attributed to each Fourier

mode. A final expression for the turbulent field is obtained as a sum over

all the modes.

Wave vector geometry of a single Fourier velocity mode

I

I

I

/'i-,2, ', ,',%

- wavenumber k is randomly oriented: P(O) = sin 0/2 and P(¢) = 1/2n

statistical isotropy with respect to k

velocity vector a(k) --> in plane perpendicular to k

¢ is random

a(k) ~ V/-_k)_k

phase -y of a(k) is random

/q

uT(x) = _ la_lcos(kj •x ÷ _)
j=l

124



A linear acoustic waveequation is derived. First and secondorder tur-
bulenceeffectsare retained in the waveequation. We assumethat the wave
propagation is lossless(isentropic) and that the turbulence is frozen. We
only considervelocity fluctuations and do not include thermal fluctuations.
eais the acoustic Mach number and £T is the turbulence Mach number.

A regular perturbation scheme in the turbulence Mach number is em-

ployed to solve the wave equation. The N wave generated at the focus of

the mirror is the boundary condition and it is represented as a sum of its

Fourier components.

2. Linear acoustic wave equation

• lossless wave propagation

• the turbulence is frozen

• only turbulent velocity field is present

• wave equation

2

°'p= - v t),

,9_, ,gz.,+'.J (aT" V) f Vpdtdt)_ eoeT 2

+2_-_t _°-_-(r (f Vpdt. V)urdt), - 1
OZ_ OZj _J

÷_-_pV.((UT. V)UT) e,,,eT2

3. Perturbation scheme

P = Po + _TPl + C-T2p2 -_- ...

B.C. p(O,t) = pN(t)

PN (t) = _ b, sin nWot
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Results from the first order solution areshownhere. Each graph repre-
sentsthe sumof the incident N waveand the first order pressureperturba-
tion after propagation through a single realization of the turbulent velocity
field. As one observes,the first order pressureperturbation is responsible
for the distortion of the N waves. Variations in waveform from peakedto
rounded are noticed. Double-peakedand multiple-peaked waveformsare
also shown. In somecases(e.g., the rounded waveform), the rise time of
the waveform is changed,in other casesit is unaltered. However, the ar-
rival time of eachwaveis the nominal arrival time (i.e., that of the incident
wave). A calculation of the secondorder pressureperturbation is necessary.

4. First order perturbation solution

0 20 40
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The secondorder equation that has to be solvedcontains two secular
terms and regular terms. A solution for the secondorder pressurepertur-
bation is obtained.

The total solution consistsof the incident wave,the first order pressure
perturbation, and the secondorder pressureperturbation due to the secular
and regular terms. A renormalization technique is used to strain the z-

coordinate. The straining of the z-coordinate is used to remove one of the

singularities. The final solution is then written as a sum of the Fourier

components of the N wave. The second order singularity introduces changes

in the phase speed. At second order, the phase speed becomes dependent

on the turbulence characteristics.

5. Second order perturbation solution

O_T_--_ - _- _ s_._o(_-_) -_co__0(_-_.),
+ regular terms

p_(0, t) = 0

¢_-_- _cos_0(,_ _) +_ _,_o_,_ _)
271£d 0 ZnW0 x

+ regular terms

6. Total solution

_Co_ t

+ regularterms ofordereT2 or higher

Renormalization technique (strainedcoordinate)

z = s(1 + _T2Wl +...)

Final solution p = _ (1 + CT2_O2Z)sin nw t - _.(1 + eT2_l)
n

-I- eTPl

• eTp, is first order perturbation solution

• er2_,= (a--Z--_)

• ET20)2 =
2ru_o
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Results from the numerical simulations that incorporate the secondor-

der effects are shown. The phase speed is a function of the turbulence

characteristics, and the actual phase speed is different from the nominal

phase speed. Small variations in arrival time are observed. It is seen that a

combination of first and second order effects of the turbulent velocity field

is needed to fully explain the waveform distortion and the change in rise
time.

7. Results from numerical simulations

Time _ps)
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In order to make a convincing statement that the theoretical model is
capableof simulating the propagationof planeN wavesthrough a turbulent
medium, we comparedcomputedwaveformsof the thcorctical model with
actual measuredwaveforms of the model experiment. The upper traces
represent waveforms computed by the theoretical model, while the lowcr
traces show waveformsfrom the model experiment.

Two examples are given of a spiked waveform, and two examplcs of
a rounded waveform. As one notices, the waveformsfrom the theoretical
model exhibit the samedistortion and changein rise time as that of the
model experiment.

8. Comparison of numerical simulations and measured

waveforms
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Comparisonsof double-peakedwaveformsare shown, and also a com-
parisonof a U-shapedwaveformand a rounded wavcform is presented.
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We showedthat a modelexperimentcan besuccessfulin simulating the
propagation of sonic boomsthrough atmosphericturbulence.

We also reviewedsonic boom modelsand comparedthe data from the
model experiment with the results from the models. We found that only
Pierce's wavefront folding model is fairly accurate and that results from
other models are not confirmed by the model experiment data.

A new theoretical model is developedin which plane wavespropagate
through single realizationsof a turbulent velocity field. The waveequation
is solvedby a perturbation method. The first order pressureperturbation
creates the distortion of the N wave, and at secondorder a singularity
occurs. The secondorder singularity introduceschangesin the phasespeed.
The results from the theoretical model are confirmed by comparison with
measuredwaveformsfrom the model experiment.

Conclusion

- model experiment is successful

- reviewed sonic boom models

only Picrce's model is fairly accurate

others are not confirmed by model exp. data

- developed new theoretical model

waves are propagated through single realizations of turbulent

velocity field

second order solution introduces a dispersion effect

waveform distortion and change in rise time is caused by dispersion

effect

results are confirmed by comparison with measured waveforms
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